Abstract. Nasopharyngeal carcinoma (NPC) is a highincidence malignancy in Southern China and Southeast Asia. Although mutation of p53 tumor-suppressor gene is a rare event in NPC, NPC has a high frequency of over-expressed/ accumulated p53 protein, which was reported to be dysfunction or inactivation in most of NPC. We report here a functional characterization of p53 in an undifferentiated NPC cell line CNE2. To elucidate the biological function of p53, we employed the RNA interference (RNAi) approach to knockdown the endogenously expressed p53 in CNE2 cells. Interestingly, suppression of p53 expression in CNE2 cells was associated with significant down-regulation of p21 WAF1/CIP1 expression and decreased HDM2 protein level in both steady state and genotoxic stress induced by ionizing radiation (IR). Consistent with these biochemical data were the accelerated cell cycle progression and the increased proliferation rate, suggesting that p53 retained growth inhibitory activity in CNE2 cells. Indeed, down-regulation of p53 in CNE2 enhanced the ability of CNE2 cells to grow anchorage-independently in vitro and to develop tumors in vivo. Together with the radioresistance acquired by CNE2sip53 cells, our data indicate that in contrast to a previous study, p53 in this NPC cell line remains functional, which may have an important therapeutical implication.
Introduction
Nasopharyngeal carcinoma (NPC) is featured by a remarkable racial and geographic distribution, and is a high-incidence malignancy in Southern China, Southeast Asia, Northern Africa, and Alaska, where the observed incidence rates range from 15 to 50 per 100,000 persons (1) (2) (3) . NPC can occur in all age groups, but has a bimodal age distribution. The incidence peaks at 50 to 60 years of age; and a small peak is observed during late childhood (3) . As an etiologically multi-factorial disease, carcinogenesis of the nasopharynx may result from combined effects of Epstein-Barr viral (EBV), genetic and environmental factors (4) (5) (6) (7) . Available information on the origin of NPC suggests that genetic alterations of tumor suppressor genes and proto-oncogenes in multiple cellular pathways may be important in multistage NPC carcinogenesis.
p53 tumor-suppressor protein plays a pivotal role in regulating cell cycle, differentiation and apoptosis (8) . As a transcription factor, p53 can induce the expression of p21 WAF1/CIP1 , which inhibits cyclin-dependent kinases, thereby preventing the phosphorylation of Rb and subsequent cell cycle arrest (9) . Mutation of p53 tumor-suppressor gene has been found to be the most frequent genetic alteration in human malignancy. p53 mutations often result in accumulation of the mutant p53 protein, which either loses tumor suppressor function or gains oncogenic activity (10) . p53 can also be functionally inactivated by mechanisms other than gene mutation (10) . Screen for p53 mutations in the hot-spots for mutation revealed only a low frequency of p53 mutations ranging from 0 to 10%, which might explain the initial high sensitivity observed with cisplatin-based induction chemotherapy that achieves a 75-100% objective response rate even in locally advanced disease (11) (12) (13) (14) . As compared to other types of cancer, numerous studies showed an overexpression or accumulation of p53 protein in >95% NPC (15, 16) . From the clinical viewpoint, some reports have shown that p53 expression has no prognostic significance for NPC patients (17, 18) . Moreover, there is no correlation of p53 expression with recurrent nodal metastatic NPC (17) . However, experimental evidence has confirmed that the overexpression of p53 seems to occur at an early stage in the development of NPC and associated with advanced disease stage, poor response to therapy. Overexpressed p53 protein is believed to have impaired tumor suppressor activity and to contribute to immortalization and cellular transformation (17, 19, 20) . Until now, the activity of overexpressed p53 in the NPC remains unclear and the role of the p53 in NPC is RNA interference (RNAi) which is a sequence-specific and post-transcriptional gene silencing method initiated by doublestranded RNAs is increasingly being used to specifically inhibit gene expression in mammalian cells (21) . Since RNAi represents a powerful tool for determining the functions of specific genes via analysis of loss-of-function phenotype, we used pSUPER vector to express short hairpin RNA (shRNA) of p53 knocking down overexpressed p53 in human undifferentiated NPC cell line CNE2 to examine the function of p53 in NPC. Interestingly, our data indicate that the overexpressed p53 protein in NPC retains the tumor suppressor activity as knockdown of the expression of p53 in a NPC cell line was associated with enhanced cell proliferation and tumor progression.
Materials and methods

Construction of recombinant pSUPER plasmid expressing
p53-shRNA and eGFP-shRNA. shRNA expression vector pSUPER.retro was a gift from Dr Li Yan (University of Texas M.D. Anderson Cancer Center, TX, USA). shRNAexpressing plasmids targeting human p53 (pSUPER/sip53) and eGFP (pSUPER/sieGFP) were constructed as previously described (22) . The target sequences for eGFP (GenBank accession no. U55763) were chemically synthesized (Takara, Japan) as following complementary oligonucleotides: sieGFPa: 5'-gatccccGCTGACCCTGAAGTTCATCttcaagagaGATGA ACTTCAGGGTCAGCtttttggaaa-3'; sieGFPs: 5'-agcttttccaaaa aGCTGACCCTGAAGTTCATCtctcttgaaGATGAACT TCAGGGTCAGCggg-3'.
Cell culture, transient or stable transfection. NPC cell line CNE2 was cultured and the stable transfection cell lines expressing p53 or eGFP shRNA were established as described previously (22) . The stable transfection cell line expressing p53 shRNA were determined by reverse-transcription PCR (RT-PCR) assay. In the transient transfection experiments, CNE2 cells were seeded at 5x10 5 cells per well in 6-well tissue culture plates. The following day, cells were cotransfected with peGFP and pSUPER/sieGFP plasmid, and with peGFP and pSUPER/sip53 as a control to confirm the specificity of RNA interference in CNE2 cell line and to evaluate the efficiency of transfection.
Preparation of total RNA and RT-PCR. Total RNA was extracted from the cells using TRIzol reagent (Gibco BRL, Grand Island, NY, USA) according to the manufacturer's instructions. Two microgram RNA per sample was reversetranscribed into first-strand cDNA using A3500 reverse transcription system (Promega, USA) in a standard protocol with random oligo(dT) primers. RT-PCR exponential phase was determined on 25-32 cycles to allow semiquantitative comparisons among cDNAs developed from identical reactions. The glyceraldehydes-3-phosphate dehydrogenase (GAPDH) gene was selected as the internal standard gene. Each PCR regime involved a 5-min initial denaturation step at 94˚C, followed by 29 cycles at 94˚C for 30 sec, 55˚C for 30 sec, and 72˚C for 30 sec, and by 72˚C for 10 min. The expression level of p53 of all puromycin-resistant cell lines were determined by RT-PCR analysis using the following PCR primers: p53s, 5'-CTGGAGTCTTCCAGTGTGAT-3'; p53a, 5'-AGTCACAGCACATGACGGAG-3'; GAPDHs, 5'-GTCAGTGGTGGACCTGACCT-3'; GAPDHa, 5'-TGAG GAGGGGAGATTCAGTG-3'. RT-PCR products were detected by electrophoresis on 1.5% agarose gel containing ethidium bromide.
Observation of p53 expression by immunofluorescent staining.
The cells were plated in chamber slides coated with poly-D-lysine (Sigma-Aldrich Co., St. Louis, MO, USA), fixed in ice-cold 4% paraformaldehyde (Sigma-Aldrich) in phosphatebuffered saline (PBS) for 15 min, washed three times with PBS, and then permeabilized for 5 min with 0.5% NP40 at room temperature. After washed three times in PBS, the slides were treated for 1 h with a blocking buffer consisting of 1% BSA in PBS and incubated overnight at 4˚C with anti-human p53 monoclonal antibody (DO-1, Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:250 in PBS. After washing three times in PBS containing 1% BSA, indirect immunofluorescence was obtained by incubation with FITC-conjugated rabbit anti-mouse IgG antibodies (Amersham Biosciences, Stockholm, Sweden) diluted 1:200 in PBS for 1 h at 37˚C. Nuclei were stained with DAPI. The cells were mounted with 10 mg/ml of Dabco (Sigma-Aldrich) diluted in 80% glycerol, and were observed using Olympus BH-2 fluorescence microscope (Japan).
Analysis of p21 and HDM2 expressions by real-time quantitative RT-PCR.
Total RNA was extracted using TRIzol reagents (Gibco) according to the manufacturer's instructions. Two microgram RNA per sample was reverse-transcribed into first-strand cDNA by using A3500 reverse transcription system (Promega) in a standard protocol with random oligo(dT) primers. According to the manufacturer's instructions, real-time PCR amplifications were performed on the Roche LightCycler system (Roche Diagnostics, Mannheim, Germany) with SYBR Green I dye, which binds preferentially to doublestrand DNA and enables real-time detection of PCR products. The cDNA was submitted to real-time PCR using the following primer pairs which were derived from the GenBank sequences, and were designed by premier 5.0: p53s, 5'-CCTCCTCAGC ATCTTATCCG-3'; p53a, 5'-CAGCCTGGGCATCCTTG-3'; p21s, 5'-GCAGCGGAACAAGGAGT-3'; p21a, 5'-GGAGA AACGGGAACCAG-3'; HDM2s, 5'-CTGTGTTCAGTGGC GATTGG-3'; HDM2a, 5'-TGGAATCTGTGGGGTGGT-3'; GAPDHs, 5'-GTCAGTGGTGGACCTGACCT-3'; GAPDHa, 5'-TGAGGAGGGGAGATTCAGTG-3'. Briefly, a 20-μl reaction mixture containing 2 μl of cDNA, 2 μl of Faststart DNA Master SYBR Green 1 mix (Roche Diagnostics), 0.5 μl of 10 μmol/l PCR forward primers, 0.5 μl of 10 μmol/l PCR reverse primers, 1 μl of 25 mmol/l MgCl 2 and 14 μl H 2 O was loaded into glass capillary tubes, and cycling was carried out as shown in Table I . After each run, the cycle threshold (CT) values were provided from real-time PCR instrumentation by the LightCycler software. Analysis of the relative gene expression was performed by using the 2 -ΔΔCT method described by Livak and Schmittgen (23) . Evaluation of 2 -ΔΔCT indicates the fold change in gene expression relative to the internal standard gene GAPDH and takes into account the standard deviation. Individual CT values were based on three separate measurements. The specificity of the PCR amplification was directly verified by melt-curve analysis of the final products in the iCycler. To verify the melting curve results, all the PCR products were verified by DNA sequencing.
Western blot analyses.
Western blot analyses were performed as described previously (22) . An anti-ß-actin monoclonal antibody (AC-15) was purchased from Sigma-Aldrich). Antip21 CIP1/WAF1 (F5), anti-p53 (DO-1) and anti-HDM2 (D-12) were obtained from Santa Cruz Biotechnology.
Cell cycle analysis by flow cytometry. For cell cycle analysis, two stable expression p53 shRNA cell lines and control cell lines (1x10 6 cells) were harvested, washed twice with cold PBS buffer and fixed with 70% cold ethanol. After incubation at 4˚C overnight, cells were washed with PBS, resuspended in FACS buffer containing RNAase A (0.2 μg/ml) and propidium iodide (20 μg/ml, Sigma-Aldrich) and incubated at 37˚C for 30 min. The stained cells were analyzed on a FACScan flow cytometer (Becton-Dickinson) with excitation at 488 nm and the emission recorded 675 nm long pass (FL4, mitoxantrone) filters, and the data were analyzed by the ModFIT/LT software (24) .
Analysis of cell growth in vitro.
For MTT assay (25) , aliquots of cell suspension containing 500 cells in 150 μl of medium were transferred into individual well of 96-well tissue culture plates, and were grown for 7 days. Every 24 h, 20 μl of MTT (5 mg/ml, Sigma-Aldrich) was added to wells, and the medium was removed after 4 h of incubation. DMSO [150 μl (dimethylsulphoxide, Merck)] was added to each well for 10 min at room temperature. The absorbance of each well was read with a Bio-Tek Instruments EL310 Microplate Autoreader at 490 nm. The percentage of cell growth was calculated by comparison of the A490 readings versus the first day of absorbance. Each experiment was performed at least three times in triplicate. For the monolayer growth experiment, the cells were seeded at 500 cells per well in 6-well tissue culture plates. After growth for 7 days at 37˚C, the dishes were stained with crystal violet (Sigma-Aldrich) and colonies of >50 cells were counted. For the soft agar growth experiment, cells were trypsinized and suspended in 0.3% agar noble (Difco) containing RPMI-1640 and 10% FCS at a density of 10 4 cells/ml. Next, 1 ml of the cell suspension was placed over 1 ml of 0.5% noble agar containing RPMI-1640 and 10% FCS in 6-well plates. After plating, 1 ml of RPMI-1640 containing 10% FCS was added to the soft agar cultures and replenished every 3 days. Cells were allowed to grow for 10 days and colonies consisting of >50 cells were counted under an inverted microscope (Olympus, Japan). All assays were performed in triplicate and repeated three times.
In vivo tumorigenicity assay. Animal work was carried out in the animal facility of Xiangya School of Medicine, Central South University in accordance with institutional guidelines. Mice were acclimatized and caged in groups of six or fewer. All mice were fed a diet of animal chow and water ad libitum. Animals were anesthetized with methoxyflurane prior to all procedures and were observed until fully recovered. Cells Table I . Experimental protocol used for quantitative PCR amplification. 
were subcutaneously inoculated into the right anterior flanks of 4-to 6-week-old athymic BALB/c-nu/nu (nude) mice purchased from the Experimental Centre of Shanghai Drug Institute of Academy of China. After the injection, the animals were examined for tumor formation every 3 days, and the percentages of tumor-bearing animals and the tumor volume were determined. The sizes of the tumors were determined by external measurements of the tumors in two dimensions with a caliper. The tumor volume (V) was calculated according to the formula V= L x l 2 x 0.52 (L and l represent the widest and the smallest tumor diameter measurements) (26) . At the end of the experiment, the mice were sacrificed with a lethal dose of CO 2 , and each tumor was then excised, measured and fixed in neutralbuffered formalin for routine histologic examination and hematoxylin and eosin staining. The experiment was performed separately with six different animals from each group to confirm reproducibility.
Cell survival determination and Hoechst 33258 staining of apoptotic cells after IR. Dose-effect curves for the loss of colony-forming ability were established. The cells were trypsinized and plated in appropriate densities on 6-well tissue culture plates for the clonogenic survival assay. Cells were irradiated at room temperature, using a Varian CLINAC2100C/D radiotherapy accelerator (Á irradiation; Varian, USA; 6 MV, at the dose rate of 300c Gy/min) in the Department of Radiology, Xiangya Hospital of Central South University. The radiation was delivered as a single dose ranging from 0 to 8 Gy in an 11x11 cm field size at a dose rate of 0.5 Gy/min. Fixation and staining of colonies were carried out 10 days later. Colonies of >50 cells were counted. Cell survival was calculated by: (colony numbers of irradiated cells/plating cell numbers)/(colony numbers of sham non-irradiated cells/plating cell numbers) x 100%. The survival curves fit to a single-hit multitarget model:
, where Do (dose of radiation producing a 37% survival rate), is the reciprocal of the slope of the exponential part of the survival curve and N is the so-called extrapolation number (27) . All data presented are mean of at least two independent experiments. The nuclear morphology of cells was examined by staining with the cellpermeable DNA fluorescent dye Hoechst 33258 (25 μg/ml, Sigma). Cells with homogeneously stained nuclei were considered to be viable, whereas the presence of chromatin condensation and/or fragmentation was indicative of apoptosis. Hoechst staining was performed as described by Perez-Ortiz et al (28) . Briefly, cells were grown on chamber slides. After irradiation (+IR, 6 Gy), cells were washed with PBS, fixed with 4% paraformaldehyde for 30 min at 4 ˚C, and stained with 25 μg/ml Hoechst 33258 dissolved in Hanks' buffer in the dark for 10 min. Cells were observed using Olympus BH-2 fluorescence microscope (Japan). Apoptotic cells were identified on the basis of the presence of highly condensed or fragmented nuclei. To calculate the percentage of apoptotic cells, at least 200 cells from three different microscopic fields were counted.
Statistical analysis. All observations were confirmed by at least three independent experiments. Analysis of variance (ANOVA) followed by a Fisher's protected least significant difference (LSD) test was used to analyze all the experiments, and results were expressed as the mean ± standard deviation (SD). These analyses were done using the Statistical Package for Social Science software (SPSS for windows, version 10.0). A value (p<0.05) was considered statistically significant.
Results
Specific gene inhibition by the retroviral vector-mediated
shRNA expression in CNE2 cell line. We used the H1 promoter to drive expression of shRNA targeting human p53, and eGFP was included as a control. The target sequences were cloned into the BglII/HindIII sites of pSUPER vector (Fig. 1A) . In order to verify that silencing was induced by the H1-shRNA constructs with high target specificity, we transiently cotransfected shRNA-expressing plasmids with an eGFP-expressing plasmid into CNE2 cells. The result showed that eGFP fluorescence was effectively reduced after cotransfected with the pSUPER/sieGFP plasmid but not with the pSUPER/sip53 plasmid or pSUPER vector (Fig. 1B) .
Having verified the plasmids, we generated stable CNE2 cell clones expressing pSUPER/sip53, pSUPER vector or pSUPER/sieGFP. As shown in Fig. 1C , introduction of pSUPER/sip53 into CNE2 cells eliminated p53 mRNA expression levels, while the expression levels of p53 in mock group (Fig. 1C, lane 2) and pSUPER/sieGFP (Fig. 1C, lane 3) were not significantly affected. The p53 protein levels in CNE2sip53-1 and CNE2sip53-2 cells (p1 and p2 cell lines) were also examined by immunofluorescent staining, which showed a decrease over that in control cell lines (Fig. 1D) . These results indicated that the vector-delivered RNAi resulted in effective and stable down-regulation of p53 expression in CNE2 cells.
Effects of p53 knockdown on cell cycle progression and the expression of target genes.
Having established these stable CNE2 lines, we examined the functional consequence of p53 knockdown. In view of p53 being a transcriptional activator of the p21 CIP1/WAF1 and HDM2 genes, we determined p21 CIP1/WAF1 and HDM2 expression levels in relation to the p53 down-regulation. The p21 and HDM2 mRNA expression levels of CNE2sip53-1 and CNE2sip53-2 cells were determined by real-time quantitative RT-PCR. As shown in Fig. 2A , in CNE2sip53 cell lines, the p21 mRNA levels were decreased up to 74% of that in control cells (p<0.05) and the HDM2 mRNA levels were decreased up to 85% of that in control cells (p<0.05), whereas no such decrease was seen in CNE2/pSUPER cells. Consistent with the down-regulation of mRNA, Western blot analysis showed that the p53 protein steady state level in CNE2sip53 cell lines was significantly diminished when compared with the control cell lines including CNE2 and CNE2/pSUPER cell lines (Fig. 2B, first panel,  lanes 1-4) . Furthermore, Western blot analysis showed a decrease of the level of p21 protein and a decreased expression of p53 target gene HDM2 in CNE2sip53 cells (Fig. 2B, first  panel, lanes 1-4) . At the same time, response of CNE2sip53 cell lines, CNE2/pSUPER and CNE2 cells to ionizing radiation (IR) was analyzed by Western blot analysis using the indicated antibodies (Fig. 2B, lanes 5-12) . p53 protein levels were readily induced by IR, followed by the induction of p21 and HDM2 in CNE2 and CNE2/pSUPER cells. In sharp contrast to the p53 induction in CNE2 and CNE2/pSUPER cells, Western blot analysis demonstrated that p53 activation in response to IR was severely compromised in CNE2sip53 cells, as evidenced by the significantly diminished induction of p53 target gene products p21 and HDM2. Taken together, b and e, CNE2 cells were co-transfected with 800 ng of peGFP plasmid and 4 μg of pSUPER/sip53 plasmid. c and f, 800 ng of peGFP plasmid was cotransfected with 4 μg of pSUPER/sieGFP plasmid into CNE2 cells, and eGFP fluorescence was effectively reduced. All images were taken at the same exposure (magnification x40). (C) RT-PCR for detecting the expression level of p53. The positive clones resisted to puromycin were expanded to establish cell lines and analyzed for p53 mRNA levels. C represents CNE2 cell line. Mock represents the cell line transfected with empty vector. E represents the cell line transfected with pSUPER/sieGFP. P represents the cell lines transfected with pSUPER/sip53. GAPDH expression was analyzed as a loading control. (D) Immunofluorescent detection of p53 expression using antibodies against p53 (green) and using DAPI staining nucleus as a corresponding control (blue). The expression of p53 was complete extinct in CNE2sip53-1 (c and g) and CNE2sip53-2 (d and h) cell lines (p1 and p2 cell lines shown in C), whereas had no significant change in CNE2 (a and e) and CNE2/pSUPER (b and f) which showed obvious nuclear and endochylema accumulation of p53. (Magnification x40). 1-4) . Cells were treated with IR (5 Gy) at room temperature and harvested for Western blot analysis at 3 or 6 h after treatment. Cell lysates were probed using the indicated antibodies. Stable expression of p53 shRNA in CNE2sip53-1 (lanes 7 and 11) and CNE2sip53-2 (lanes 8 and 12) induced a marked reduction in p53 synthesis (first panel) resulting in down-regulation of p21 (second panel) and HDM2 (third panel) compared with CNE2 (lanes 5 and 9) and CNE2/pSUPER (lanes 6 and 10). The fourth blot was probed with anti-ß-actin antibody to control for protein loading (fourth panel).
our data indicate that knockdown of overexpressed p53 in the CNE lines in both steady state and genotoxic stress induced by IR resulted in down-regulation of p21 and HDM2, two transcriptional target genes of p53.
We next asked whether the biochemical changes caused by p53 knockdown could be reflected at the level of cell biology. For this, we evaluated the impact of p53 knockdown on cell cycle progression. FACS analysis of CNE2sip53-1 and CNE2sip53-2 cell lines revealed a significant decrease of G1 phase with a corresponding increase of S phase populations when compared with the pSUPER vector expressing lines (p<0.05, Fig. 3) , consistent with the down-regulation of p21. Together, our data suggest that overexpressed p53 exerts a negative regulation on cell cycle progression in NPC cells.
Effects of stable inhibition of overexpressed p53 in CNE2 on cell growth and tumorigenesis.
To investigate the effects of overexpressed p53 down-regulation on the growth property of CNE2 cells, a number of assays including MTT, monolayer growth experiment and soft agar growth experiment were performed. The MTT assay showed that knockdown of p53 expression in CNE2 cells was associated with a marked increase of cell proliferation (Fig. 4A) , suggesting a growth inhibitory activity of p53. This effect of p53 on cell growth was further supported by the results of monolayer and soft agar growth experiments that down-regulation of p53 expression in CNE2 cells resulted in a significant growth enhancement under each condition tested (Fig. 4B and C) .
To substantiate the results obtained from in vitro assays for the in vivo relevance, we carried out nude mice tumor formation assay. Tumor development was monitored after inoculating 1x10 7 of each cell type subcutaneously into nude mice. As shown in Fig. 5 , tumor formation and growth of CNE2sip53 cells was faster than that of CNE2 and CNE2/ pSUPER cells. As early as at day 4 after inoculation, tumors were palpable in all mice (6/6; 100% of animals) inoculated with CNE2sip53 cells, whereas, the six mice received with CNE2 or CNE2/pSUPER cells formed tumor by day 7 following inoculation. Furthermore, tumor growth in mice inoculated with CNE2sip53 cells were significantly more rapid than those inoculated with CNE2 or CNE2/pSUPER cells (p<0.01, mean size 1.22±0.25 mm 3 in the CNE2 group, n=6, and 1.09±0.29 mm 3 in the CNE2/pSUPER group, n=6 vs 2.55±0.71 mm 3 in the CNE2sip53 group, n=6). Histopathological analysis of the nude mice tumors showed that all were undifferentiated malignancies (data not shown). Together, results from both in vitro and in vivo experiments demonstrate that knockdown of the expression of overexpressed p53 enhanced the ability of CNE2 cells to proliferate and to form tumors.
Effects of overexpressed p53 knockdown on cellular radiosensitivity. As the p53 protein plays an important role in regulation of cellular response to IR, we examined the effect of p53 knockdown in CNE2 cells on radiation sensitivity by performing a clonogenic survival assay. We determined Do values (dose of radiation producing a 37% survival rate) and N (extrapolation number) values from the survival curves constructed according to the single-hit multitarget model of cell survival. As shown in dose-effect curves for the loss of colony-forming ability (Fig. 6A) , the CNE2 and CNE2/pSUPER cells exhibited a similar radiation sensitivity in the dose range from 1 to 8 Gy, however, the sensitivity of CNE2sip53 cell lines was decreased. The survival fraction at 2 Gy was 0.41±0.02 for CNE2 cell line, and 0.40±0.01 for CNE2/pSUPER cell line whereas the survival fractions at 2 Gy were 0.65±0.01 and 0.66±0.01, respectively for the two CNE2sip53 cell lines. The radiosensitivity Do value defined as the reciprocal of the terminal slope of the survival curves was 1.04 Gy for CNE2 cell line and 1.03 Gy for CNE2/ pSUPER cell line when irradiation was used alone. N value was 3.38±0.45 for CNE2 cell line, and 3.26±0.34 for CNE2/ pSUPER cell line. But in CNE2sip53 cell lines, Do values were 1.30 and 1.31, and N values were 4.27±0.39 and 4.33±0.57. The results showed that the radiosensitivity of CNE2sip53 cells were lower than that of CNE2 or CNE2/ pSUPER cells (p<0.01). Furthermore, radiation-induced apoptosis was also determined at 24 h following irradiation by Hoechst 33258 staining. After exposure to 6-Gy irradiation, more apoptotic cells were detected in CNE2 and CNE2/ pSUPER cells than in CNE2sip53 cells (Fig. 6B) . Quantitative analysis showed up to 22% decrease of apoptotic population in CNE2sip53 cells when compared with CNE2/pSUPER cells (p<0.01, Fig. 6B ), consistent with the data obtained from clonogenic assay that down-regulation of p53 in CNE2 cells resulted in increased radioresistance.
Discussion
RNAi, which is homologous to the gene being suppressed, is the sequence-specific, post-transcriptional gene silencing method caused by small interfering RNA duplexes (siRNAs) and is rapidly being established and holds promise to specifically inhibit gene expression in mammals (20) . Based on establishing the CNE2sip53 cell line, which had stable expression of p53 shRNA in CNE2 cell line and satisfactory inhibition of the target p53 protein expression, the effects of persistent down-regulation of p53 gene expression on the transcriptional inactivation of the p53-responsive genes, and on cell proliferation, cell cycle, and the radiation sensitivity and apoptosis after ionizing radiation were demonstrated.
p53 is primarily a sequence-specific transcriptional activator, which binds to cognate p53 responsive elements within the genome and activates the transcription of genes residing in the vicinity of these binding sites. It is known that p53 tumor suppressor becomes stabilized and activated in response to diverse cellular stresses, such as DNA damage, hypoxia, and oncogene activation. Activation of p53 can cause cell cycle arrest, senescence, differentiation, DNA repair to conserve the genome and apoptosis, which are largely mediated by activation of p53-responsive target genes such as HDM2, p21 (8) (9) (10) . The inactivation or loss of p53 in a majority of human tumors is a very important molecular alteration in the development of the majority of human cancers (8, 29) . Attributable largely to its central role in tumorigenesis, alteration of the p53 gene has held the most promise as a molecular prognostic and predictive factor with potential clinical utility (29) . p53 overexpression has been identified as having predictive value in survival for several other human malignancies, such as breast, lung and head and neck carcinomas (30) (31) (32) (33) (34) . Overexpression of p53 protein has been found in NPC, but its prognostic significance is controversial. Theoretically, overexpression of p53 protein might increase radioresistance; however, its implication on patients with NPC may change from one to another (16, (35) (36) (37) (38) . The reason may be related to the population involved and the defined criteria of p53 overexpression. But lots of previous studies have shown that p53 overexpression in NPC is also associated with the proliferation, micro-vessel density, craniosacral invasion and neck lymph node metastasis of NPC as well as the NPC patients' prognosis, which suggest that overexpressed p53 protein in NPC might be dysfunction or inactivation (17, 19, 20) . Such data would predict a compromised tumor suppressor function of overexpressed p53 in the NPC cell line. Results obtained from the present study, however, indicated otherwise. We employed the RNAi approach to knock down the expression of p53 in CNE2 cells for assessing its biochemical and biological consequences. We obtained compelling evidence indicating that overexpressed p53 in this NPC cell line retained most, if not all, of tumor suppressor activities of p53. We demonstrated that down-regulation of p53 in CNE2 cells was associated with significantly diminished expression of p21 and HDM2, two prototype target genes of p53 (Fig. 2) , accelerated cell cycle progression (Fig. 3) , elevated proliferation rate and enhanced ability of monolayer growth and anchorage-independent soft agar growth (Fig. 4) , increased rate of tumor formation in nude mice (Fig. 5 ) and increased radioresistance (Fig. 6) .
While our data indicate that the endogenous p53 in CNE2 cells remains functionally proficient, the NPC phenotype would implicate some other defects in the p53 pathway. Our previous study showed that twenty-two differentially expressed proteins between the two cell lines such as HSP27, HSP70, hnRNP K, 14-3-3Û, and so on had been identified by both MALDI-TOF-MS and ESI-Q-TOF-MS after comparison of the proteomic changes between CNE2sip53 and control cell line CNE2/pSUPER using two-dimensional gel electrophoresis (2-DE), which may be associated with the function of p53 in NPC and might reveal novel p53 signal pathway. These findings provide new clues to elucidate the mechanisms of overexpression and stabilization of p53 in NPC (22) . Further studies will be necessary to characterize the upstream and downstream effectors of the p53 pathway in CNE2 cells. On the other hand, p53 overexpression and stabilization in NPC may be via interactions with cellular or viral proteins, especially in the presence of EBV viral proteins that interfere with p53 function (39) (40) (41) (42) (43) . Analysis of the expression of the p53 protein by immunohistochemistry on NPC biopsies indicates that p53 accumulation is significantly correlated to the EBV-encoded latent membrane protein 1 (LMP1), which is an oncogenic protein and plays an important role in the carcinogenesis of NPC (44, 45) . Some reports indicated that LMP1 may block p53-mediated apoptosis by induction of the A20 gene and may be one of the major candidates that could bypass p53 function, but it also disrupts DNA repair (46, 47) . Modification of the p53 phosphorylation has been proposed to play a critical role in the stabilization and activation of p53. Li et al reported that p53 could be activated and phosphorylated clearly at Ser15, Ser20, Ser392, and Thr81 modulated by LMP1 (48) . Further experiments are needed to elucidate the exact role of these proteins in possible p53 overexpression and stabilization. Nonetheless, the functional p53 and its associated radiosensivity, as shown in our study, would have important therapeutical implications.
